We consider the possibility that the Peccei-Quinn charged dynamical supersymmetry breaking (DSB) mechanism readily accommodates gauge mediation without the gravitino problem. Given a gravitino of m 3/2 = O(eV ) for the Intriligator-Seiberg-Shih model, an axion, converted from a Nambu-Goldstone boson, could become a dark matter candidate, while the QCD anomaly and a sizable µ-value are naturally generated. We also stress that rather minimal DSB content is sufficient to yield the observed mass of the lightest Higgs boson, other than the acceptable soft mass of sparticles in the observable sector.
Introduction
Gauge-mediated supersymmetry (SUSY) breaking [1] has been recognized as a promising mechanism that plausibly communicates with the minimal supersymmetric standard model (MSSM) sector, mainly because the gauginos and sfermions acquire the flavor universal soft mass, leading to the highly suppressed flavor changing process. However, the gravitino problem might be unavoidably encountered; the relic density of the stable gravitino with 1 keV < m 3/2 < 1 GeV implies a low reheating temperature, i.e., T R 10 6 GeV, which seriously conflicts with the thermal leptogenesis [2] [3] [4] . Meanwhile, a lighter gravitino (m 3/2 < O(100) eV) serves as warm dark matter (DM), which might be incompatible with the observed structure of the universe that strongly suggests the bottom-up type of galaxy formation. Regarding this, based on the cosmic microwave background (CMB) lensing and cosmic shear, [5] argued that m 3/2 should be smaller than 4.7 eV. However, for such a case, the gravitino would only account for the fraction of DM relics (Ω 3/2 h 2 = O(10 −3 )), which may exclude the viability of gauge mediation. Moreover, the lightest Higgs boson is unlikely to receive the mass of 125 GeV, even though the MSSM superparticle could acquire the soft mass around TeV scale; [6] argued that the observed Higgs mass could be embodied in the context of the vector-mediated model.
In this letter, considering a more simplified approach, we revisit the Intriligator-Seiberg-Shih (ISS) model [7] based on the SU (3) gauge group. We first note that the Peccei-Quinn (PQ) symmetry [8] [9] [10] [11] should make the DSB mechanism most naturalized with the aid of R symmetry, as an unwanted Nambu-Goldstone boson (NGB) is excluded, which eventually causes the appearance of QCD anomaly through the coupling of the DSB sector with the Higgs superfields. [12] already argued that U (1) P Q , despite approximate symmetry [13] [14] [15] , should place strict constraints on the DSB superpotential form so that |θ| < 10 −10 can hold (θ is the theta angle). However, the µ-value is too small to be favored by the acceptable phenomenology.
In contrast, this study shows that, via suitable R charge assignment, the axion may become a good DM candidate even for T R > 10 9 GeV. Therein, it follows that m 3/2 = O (eV) and m sof t (the MSSM soft mass)≃ 1 TeV. We also address whether the lightest Higgs boson acquires the desirable mass.
We attempt to convert an NGB (as noted in [16] ) into the axion by using U (1) P Q . Further, via the R charge assignment, m 3/2 of O(eV ) can be achieved, maintaining f a within the axion window [17] [18] [19] [20] . The U (1) P Q and R assignment is given in Table 1 , wherein an anomaly-free Z 8R symmetry is assumed [21] . 
With a certain super Yang-Mills sector [22], the superpotential of the relevance is given by
where λ ij is the dimensionless coupling constant. We subsequently introduce messenger superfields,f 1 , f 1 , andf 2 , f 2 of5 + 5 under SU (5) GUT , respectively (without supposing any fundamental singlet, following [16] ). We assign the charge to each superfield in Table 2 . Accordingly, the coefficients of the QCD anomaly add up to 3: Table 2 . Charge assignment to messenger and Higgs
The relevant coupling is given by
with γ ij , ǫ ij , κ, and d denoting the dimensionless coupling constants as well.
After diagonalizing the mass matrix ofQ i , Q j , the entire superpotential is then rewritten in terms of the dual picture:
where m(≡ Λ ′3 /M 2 pl ), λ ≃ λ ij and γ ′ ij , ǫ ′ ij are expected to be of unit order. It is understood that λm 2 Λ/M pl is real and positive-valued. Besides, Λ ′ is the gaugino condensation scale, and d is supposed to be O(0.1 − 1) in what follows. Then, provided that Λ ≃ 8 × 10 17 GeV, m ≃ 6 × 10 5 GeV, and λ ≃ 10 −1.5 , κ ≃ 10 −0.7 for instance, one obtains
where
and the messenger mass is given by (see Eq. (12))
We then confirm that the flavor changing process is highly suppressed owing to m sof t ≫ 10 2 m 3/2 . Moreover, it follows that
Additionally, the messenger loops induce the effective Kähler potential of
Consequently, the boson component of S ij receives a mass of
which is much larger than the b i ,b i loop-induced mass:
(The mass of fermion is discussed later.) Thus, S ij should develop the vacuum expectation value (VEV):
through the scalar potential terms of
where the second term is caused by the SUGRA correction. Accordingly, via W ⊃ det S ij /Λ, the scalar potential has the term of
which slightly shifts S 11 from the origin as follows:
which implies that the electroweak symmetry remains unbroken at the messenger scale because of m 2 Hu ≃ m 2 H d ≃ |µ| 2 . Besides, the stability along the D-flat direction can be ensured at H u = H d = 0.
Subsequently, we evaluate the axino and saxion masses. After the U (1) P Q breakdown,b 1 , b 1 are written as follows:
The tree-level scalar potential then includes the relevant terms:
(18) Hence, the axion is (solely) identified by
and accordingly, the saxion and the axino could be expressed as
respectively [24] . Then, let us examine the fermion mass matrix of interest, which takes the form of
that leads to
The column and row runb 1 ,b 1 ,S 11 (which denote the fermion component of the corresponding superfield). Hence, each mass eigenvalue and state could be given as follows:
Thus, the axino is found to only acquire the mass of O(10 −40 ) GeV from the DSB sector. Meanwhile, the additional mass should be generated:
due to the axino-gluino-gluon interaction of
where g 3 is the SU (3) color gauge coupling constant, while Mg denotes the gluino mass. Eventually, we conclude that the axino has the mass of O(10 −6 ) eV, and hence should be long-lived (or might be stable). At this point, notice that the thermal relics should be estimated as follows:
for T R > 10 9 GeV. Here we considered the axino decoupling temperature of T dec. ≃ 10 9 GeV f a 10 11 GeV 2 .
(
Thus the axino abundance, even though serving as the hot DM component, is expected to be of negligible order [27] [28] [29] [30] .
In contrast, the saxion receives a mass of O(0.1−1) MeV induced by the b i ,b i loop, as seen from Eq.(11). Let us estimate its life-time. Eq.(3) yields the relevant couplings:
while among the QED interaction are the following terms:
Here H − ,h − , A µ are the charged Higgs, higgsino and the photon with e denoting the U (1) em coupling constant. Hence, we obtain the decay rate into two photons through H − /h − loops:
and Λ EW = O(100) GeV is the electroweak symmetry breaking scale, while m s , m W denote the saxion and the weak boson mass, respectively. Hence, the saxion decay should not give rise to large entropy production because of T d (the saxion decay temperature)∼ 1 GeV ≫ m s . To summarize, we deduce that the observed DM relics should predominantly comprise the axion as f a is close to 10 12 GeV.
The other mass spectrum
We estimate the mass of the other particles in the DSB sector. The boson component of S 11 and (s 1 + 4) are addressed as follows. The boson components have their mass of √ mΛ ≃ 10 12 GeV,
On the other hand, the fermions could form the mixing mass term of
The eigenstate is then expressed as
all of which have the mass of √ mΛ. In contrast, the boson components of S jk (j, k = 2 − 4) have the mass of m S jk = O(10 3 ) GeV, as seen from Eq.(10) [31] . Meanwhile, the fermion components (denotedS jk ) receive the mass of . Besides, an extra mass could be generated from the following coupling:
(j, k, l, m, s, t = 2 − 4).
Here, ξ jklmst (the dimensionless coupling constant) is assumed to be of unit order, for simplicity. Eventually,S jk is expected to have a mass of
At this point, notice that Eq.(37) yields
We hence require the condition that
so as to avoid the tachyonic S jk bosons, which corresponds to ξ jklmss 10 −2 . Therefore, it follows that
S jk is then found to decay into a photon and the goldstino (denoted χ) orS jj through the messenger loop (Eq.(3)) and the life-time is given by
where each decay rate takes the form of
where F S jj = λm 2 Λ/M pl . (the goldstino is identified by the longitudinal mode of the gravitino.) Consequently, the relic abundance of the gravitino orS jj is estimated as
both of which have less cosmological implications.
Here, Ω T H h 2 , Ω N T H h 2 denote thermally and nonthermally produced relics, respectively, and we suppose that the number density ofS jk to entropy is given by
at the reheating epoch [32] .
Enhancing the lightest Higgs mass so thatf 3 and the charged Higgs boson cannot develop their VEVs. Hence, given |c| = O(10 −2 ) for instance, |h jj | < O(10 −5 ) should be entailed. Taking account of the other radiative correction [35] [36] [37] , we thus obtain m H 0 ≃ 125 GeV for |h jk | ∼ 1.6 − 1.7 (j = k), tan β ∼ 10.
Discussion
Let us discuss the (meta) stability of vacuum. The longevity of the SUSY breaking vacuum should be ensured owing to the relation of
Moreover, it is verified that
which should avoid the tachyonic messengers. Accordingly, there is no local minimum state along the messenger direction [38] .
Further, the PQ symmetry should not be restored after the inflationary epoch, as long as it is expected that
for T R = O(10 9 − 10 10 ) GeV, and consequently, the domain wall (DW) problem may not be encountered in our framework.
Here T max is the maximal temperature at the reheating stage.
Conclusion
We argued that the ISS gauge mediation could avoid the gravitino problem, given the PQ charged DSB sector. Thereby, we first proposed that (b 1 − b 1 )/ √ 2 could be identified by the axion supermultiplet. This naturally generates the QCD anomaly and a sizable µ-value. Then, we eventually confirmed that the axion should predominantly account for the DM density instead of the light gravitino. Further, the lightest Higgs boson is likely to acquire the desirable mass, owing to several dual singlets and an additional pair of messenger.
Finally, we have not addressed the Izawa-Yanagida-Intriligator-Thomas (IYIT) DSB mechanism [39, 40] based on the SU (3) gauge group with N F = 3 [41] . Therein, the PQ symmetry could appropriately constrain the DSB superpotential form, such that unwanted NGBs should be absent [12] . This model might provide m 3/2 = O(1) eV and m sof t ≃ 1 TeV for f a = O(10 9 ) GeV, whereas the DW could appear. Under such circumstances, the DW decay, possibly entailed by the approximate PQ symmetry, produces the axion, which may almost saturate the observed DM density [42, 43] , although the appearance of appropriate U (1) P Q violating should be discussed in future research. [25, 26] . We, thus, expect that with |µ| = O(100) GeV for d = O(0.1), the electroweak symmetry could break down at weak scale.
[24] Hence, we conclude that the axion supermultiplet (denoted A) is approximately expressed as
